An unusual feature of the magmatic Fe-Ti oxide deposits associated with layered intrusions in the Permian Emeishan large igneous province (LIP) in SW China is the association of the mineralization with olivine that is significantly more Mg-rich than those that occur elsewhere. A working hypothesis for the production of Mg-rich olivine is that significant assimilation of carbonate occurred during the formation of the Fe-Ti oxide deposits in the Emeishan LIP. This study provides several lines of supporting evidence from a coeval picritic dyke in the footwall of the Panzhihua layered intrusion at Zhujiabaobao. Country rocks to the Zhujiabaobao picritic dyke are brucite marbles. Olivine phenocrysts in the dyke have Fo contents varying from 79 to 91 mol %. The most Mg-rich olivine phenocrysts (Fo89-91) are present in the margins of the dyke and contain undissolved calcite. Olivine phenocrysts in the marginal sample show reversed zoning in Fo content and contain $20% lower Ni than those with similar Fo contents in the coeval picrites emplaced in the nearby area. Olivine-hosted oxide inclusions in this sample are exclusively Cr-magnetite (calculated atomic Fe 3þ /Cr 3þ > 1) instead of chromite or Cr-spinel (calculated atomic Fe 3þ /Cr 3þ < 1) that characterizes the coeval picrites. Within the dyke olivine phenocrysts with different ranges of Fo content (Fo89-91 versus Fo78-83) have similar Mn contents but different Ni contents. The most Mg-rich olivine phenocrysts have Ni contents that are 20-30% less than those for the more Fe-rich olivine phenocrysts. Diopside crystals associated with the most Mg-rich olivine phenocrysts contain higher Fe 2 O 3 /FeO than those associated with the more Fe-rich olivine phenocrysts. The dyke samples with different olivine compositions have similar e Nd values (1Á4-2) but contrasting Sr isotope compositions. The sample with the most Mg-rich olivine (Fo89-90) Sr ratios (0Á7046-0Á7049). The results of mixing calculations indicate that up to $25 wt % assimilation of brucite marble by basaltic magma with a composition similar to that of the average of the coeval high-Ti basalts can readily explain the observed mineralogical and isotopic variations within the dyke. The results from the dyke show that carbonate assimilation by basaltic magma is an efficient way to produce the association of magnetite with olivine that is anomalously rich in magnesium.
INTRODUCTION
One of the most important outstanding questions pertaining to the Permian Emeishan large igneous province (LIP), which occurs in SW China and northern Vietnam, is the origin of several world-class Fe-Ti-V oxide ore deposits that are hosted in small gabbroic layered intrusions (Fig. 1 ) and sharply contrast with those found in large mafic-ultramafic layered intrusions such as the Bushveld Complex in South Africa (Tegner et al., 2006) . The total reserve of the four largest deposits in the Emeishan LIP (Baima, Hongge, Panzhihua and Taihe) exceeds 10 billion tons of ore with 25-35 wt % Fe, 4-13 wt % Ti and 0Á1-0Á45 wt % V (Ma et al., 2001) . Some researchers have proposed that these deposits formed by liquid immiscibility within basaltic magma (Zhou et al., 2005 whereas many others have suggested that they formed by crystallization of Fe-Ti oxides from basaltic (e.g. Pang et al., 2008; Zhang et al., 2009; Howarth & Prevec, 2013a; Howarth et al., 2013; Song et al., 2013; Bai et al., 2014; Yu et al., 2015) or picritic magmas (Hou et al., 2013) . The conclusion of Hou et al. (2013) is mainly based on similar Sr-Nd isotope compositions and olivine Fo contents between a marble-hosted picritic dyke in the footwall of the Panzhihua layered intrusion at Lanjiahuoshan (Fig. 2 ) and the coeval picrites in the Emeishan LIP. In contrast, Ganino et al. (2008 Ganino et al. ( , 2013 suggested that the marblehosted picritic dykes in the Panzhihua area formed by 
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Mt. Emei assimilation of carbonate country rocks by basaltic magma, based on systematic variations of whole-rock chemical and isotopic (C-O-Sr) compositions. To resolve this disagreement, we have carried out an integrated mineralogical and Sr-Nd isotopic study of a relatively large picritic dyke in the footwall of the Panzhihua layered gabbroic intrusion at Zhujiabaobao (Fig. 2) . Our new findings and their implications for the origin of the Panzhihua-type Fe-Ti oxide ore deposits in the Emeishan LIP are presented.
GEOLOGICAL BACKGROUND
The Emeishan LIP covers an area of $2Á5 Â 10 5 km 2 in SW China and northern Vietnam (Fig. 1) . It is composed of Permian flood basalts and associated mafic-ultramafic intrusions. Picrites, tholeiites and basaltic andesites are the major volcanic rocks (Chung & Jahn, 1995; Xu et al., 2001; Tang et al., 2015) . The basalts are divided into highTi and low-Ti groups based on Ti/Y ratios (Xu et al., 2001) . Many coeval mafic-ultramafic intrusions are exposed in the central part of the province owing to post-Permian uplift and erosion. The zircon U-Pb ages of these intrusions and coeval basalts are all close to 260 Ma ( Fig. 1) . Some of the mafic-ultramafic intrusions in the Emeishan LIP host important magmatic Cu-Ni-(PGE) sulphide or Fe-Ti oxide ore deposits. It has been suggested that the parental magmas for these two different types of deposit are linked to the low-Ti and high-Ti series, respectively (e.g. Zhou et al., 2008) .
The four largest Fe-Ti-oxide ore deposits in the Emeishan LIP are the Panzhihua, Hongge, Baima and Song et al., 2013) , showing the locations of the samples from a picritic dyke at Zhujiabaobao (PZH1301-1308) and other samples used in this study.
Taihe deposits (Fig. 1) . These deposits are all hosted in small gabbroic layered intrusions. Carbonates are common country rocks to these intrusions. The Panzhihua-type Fe-Ti oxide deposits have several unusual features compared with other magmatic Fe-Ti oxide deposits elsewhere in the world, such as the smaller sizes of the host intrusions, the appearance of Fe-Ti oxide mineralization in the lower parts instead of the upper parts of the host intrusions and the higher Fo contents of olivine in the ore zones Pang et al., 2009) . The Panzhihua layered intrusion is 19 km long and 2 km thick (Fig. 2) . Country rocks to this intrusion are limestone, gneiss and schist. The intrusion is divided into several fault-bounded segments or mines (Zhujiabaobao, Lanjiahuoshan, Jianbaobao, Daomakan, Gongshan, Nongnongping and Nalaqing) along strike and four lithological zones across: the Marginal Zone (MGZ), Lower Zone (LZ), Middle Zone (MZ) and Upper Zone (UZ) (Ma et al., 2001 ). The MGZ is <40 m thick and is dominated by equigranular fine-grained gabbroic rocks, with minor hornblende-rich gabbros. The LZ is up to 110 m thick and mainly consists of gabbros, oxide gabbros and Fe-Ti oxide ores. The most important FeTi oxide layers (ore bodies) occur in the LZ. The MZ is up to 800 m thick and is characterized by leucogabbros and oxide gabbros. The UZ varies in thickness from 500 to 1500 m, and is mainly composed of layered gabbros and leucogabbros, with minor olivine clinopyroxenites and anorthosites (Fig. 2) . The thickness of each zone varies significantly along strike (Fig. 2) . The MGZ is present only in the NE segments (Zhujiabaobao, Lanjiahuoshan and Jianbaobao).
At Lanjiahuoshan and Zhujiabaobao (Fig. 2) , open-pit mining operations in the last four decades have revealed several picritic dykes that originate in the MGZ of the Panzhihua layered intrusion and intrude into the carbonate footwall (Fig. 3) . The U-Pb age of zircon crystals from one of these dykes at Lanjiahuoshan is 261Á4 6 4Á6 Ma (Hou et al., 2013) , which is indistinguishable from the U-Pb ages of zircon crystals from the associated Panzhihua layered intrusion (263 6 3 Ma: Zhou et al., 2005) and an anorthosite dyke cutting the layered intrusion (260 6 0Á8 Ma : Hou et al., 2012) .
SAMPLE DESCRIPTIONS
The samples used in this study were collected from the northern wall (Fig. 3a) of the Zhujiabaobao open pit located in the northernmost fault-bounded segment of the Panzhihua layered intrusion (Fig. 2) . Country rocks to the associated picritic dyke are predominantly brucite marble composed of calcite and brucite plus minor dolomite that locally surrounds calcite (Fig. 3b) . The middle part of the dyke has been extensively fractured and highly altered, and thus was not sampled by us (Fig. 3a) . The rock types, classified according to IUGSrecommended nomenclature, texture and degrees of alteration of the samples, from the Zhujiabaobao picritic dyke used in this study are listed in Table 1 . Three samples from the left part of the dyke (PZH1301, 02, 03) all contain abundant olivine phenocrysts surrounded by a fine-grained groundmass (Fig.  4a, d and e), forming a characteristic porphyritic texture similar to that of a typical picrite erupted on the surface. Olivine is present in the samples 2-3 m away from the right contact with the country rocks (PZH1304, 05) but absent in the samples closer to the contact (PZH1306, 07). The grain-size difference in the olivine-bearing samples from the right part of the dyke (Fig. 4f) is not as great as in those from the left part of the dyke. Diopside crystals in an olivine-bearing sample from the right part of the dyke show a spectacular atoll texture under transmitted light (Fig. 4f) .
The mineralogy of the rock matrices or interstitial assemblages across the dyke is highly variable. The groundmass in each of the samples from the left part of the dyke is predominantly composed of diopside ( Fig.  4a and e) or hornblende (Fig. 4d ). As shown in Fig. 3 , the hornblende-rich sample (PZH1302) occurs between the diopside-rich samples (PZH1301, 03). The interstitial assemblages in the samples from the right part of the dyke are predominantly composed of biotite and plagioclase (Fig. 4f) .
Cr-magnetite is present in all of the samples from the dyke studied here but is most abundant in the sample from the left margin of the dyke (PZH1301). In this sample and the other two samples (PZH1302, 03) from this part of the dyke, Cr-magnetite occurs in the matrices and as inclusions enclosed in olivine phenocrysts (Fig.  4a, d and e). Small inclusions tend to be Cr-magnetite alone but larger inclusions commonly also contain finegrained diopside or hornblende. In the right part of the dyke Cr-magnetite inclusions in olivine are extremely rare.
Base-metal sulphides (mainly pyrrhotite, minor pentlandite and trace chalcopyrite) are ubiquitous in the matrices or interstitial spaces of all samples from the dyke. The base-metal sulphides also occur as small inclusions in some olivine phenocrysts in the sample from the left margin of the dyke (Fig. 4c) . In this sample irregular calcite crystals are also present as small inclusions in some large olivine crystals (Fig. 4b) .
The samples from the left part of the dyke are generally pristine. In these samples serpentinization of olivine is restricted to cleavages and micro-fractures ( Fig. 4a-e) . No visible alteration is observed in the coexisting phases in the samples. Except for one sample (PZH1304, Fig. 4f ), the other samples from the right part of the dyke have experienced moderate to severe hydrothermal alteration, such as the replacement of olivine by serpentine, pyroxenes by chlorite or talc, and plagioclase by epidote plus albite.
ANALYTICAL METHODS
The compositions of minerals were determined by wavelength-dispersive X-ray emission microanalysis using a CAMECA SX50 electron microprobe in the Department of Geological Sciences, Indiana University, USA. Analytical conditions for major elements were 15 keV accelerating voltage, 20 nA beam current, 1 lm beam size and peak counting time of 20 s. Calcium and Ni in olivine were analysed using a beam current of 100 nA and a peak counting time of 100 s. Under these conditions the detection limits were estimated to be 20 ppm Ca and 80 ppm Ni by counting statistics. International standards were used for calibration. Matrix effects were corrected for using the PAP program supplied by CAMECA. Analytical uncertainty is within 6 2% of accepted values, based on the results from the San Carlos olivine standard (USNM 1113122/444) that was analysed together with our samples.
Major element abundances in whole-rocks were determined on fused glass disks using an AXIOS-PW4400 X-ray fluorescence (XRF) instrument in the State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang. The loss-on-ignition (LOI) was determined by the weight loss of a powdered sample after 1 h heating at 100 C. The sample powders, 1Á2 g for each sample, were fused with 6 g lithium tetraborate at 1050 C for 20 min. The concentrations of ferrous iron in the samples were determined by titration of the sample solutions. These values, together with the concentrations of total iron determined by XRF, were used to estimate the concentrations of ferric iron in the samples by simple mass balance. The standard deviations of major element concentrations for a Chinese national standard (GSR-3) that was analysed together with our samples are generally better than 5%.
Trace element concentrations in whole-rocks were analysed by inductively coupled plasma mass spectrometry (ICP-MS) using a Perkin-Elmer Sciex ELAN DRC-e quadrupole ICP-MS system in the State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang. Sample powders, 50 g for each sample, were dissolved using a mixture of HF and HNO 3 in high-pressure Teflon bombs for 48 h at 190 C. Rh was used to monitor signal drift during data acquisition. An international standard GBPG-1 and a Chinese national standard GSR-1 were used to monitor accuracy. The differences between our results and the recommended values for the standards are generally better than 10%.
Sr and Nd isotopes in whole-rocks were determined using a Triton thermal ionization mass spectrometer in the State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang. The sample powders were spiked with mixed isotope tracers, and then dissolved in Teflon capsules with HF þ HNO 3 . Rare earth elements and Sr were separated on Eichrom columns with 0Á1% HNO 3 . Separation of Nd from other rare earth elements was done using HDEHP columns with 0Á18N HCl. 
ANALYTICAL RESULTS
Mineral chemistry
The compositions of important minerals such as olivine, pyroxenes, plagioclase, hornblende, biotite and olivine-hosted Cr-magnetite or calcite inclusions in the Zhujiabaobao picritic dyke are given as Supplementary Data (available for downloading at http://www.pet rology.oxfordjournals.org). To avoid the effect of subsolidus Fe-Ni exchange reaction between olivine and sulphide on the content of Ni in olivine (Li et al., 2007) , only the results for olivine that is free of sulphide inclusions and not in direct contact with disseminated sulphides in the groundmass are used in the comparison below.
The Cr 2 O 3 contents of olivine-hosted Cr-magnetite inclusions in the Zhujiabaobao picritic dyke are 13-24 wt %, which are similar to the compositions of Crmagnetite inclusions hosted in olivine phenocrysts with <84 mol % forsterite (Fo, Mg 2 SiO 4 ) in the coeval Emeishan high-Ti picritic basalts (Fig. 5a ). The Cr-spinel inclusions hosted in more primitive olivine phenocrysts in the Emeishan high-Ti picrites (data from Tao et al., 2015) have higher Cr 2 O 3 contents. The picrite samples show a positive correlation between Cr 2 O 3 contents in Cr-spinel and Fo contents in olivine, which is consistent with the result of fractional crystallization. Such a correlation is not observed in the samples from the Zhujiabaobao picritic dyke. In this dyke only the samples containing the lowest Fo olivine crystals (78-82 mol %) plot within the Fe-Cr spinel-olivine array for the Emeishan high-Ti picritic basalts and picrites; a sample containing higher Fo olivine crystals ($84 mol %) is displaced upward slightly; a sample containing the most primitive olivine ($90 mol % Fo) is displaced upward significantly. At a given Fe-Cr spinel composition, the host olivine crystals in some of the samples from the Zhujiabaobao picritic dyke are significantly enriched in magnesium compared with the coeval Emeishan high-Ti picritic basalts and picrites. The Mg enrichment in olivine is most extreme in a sample from the margin of the dyke (sample PZH1301; see Fig. 3 for location).
Mn is moderately compatible in the olivine structure and thus its concentration increases in olivine during fractional crystallization, thereby producing a negative Mn-Fo correlation. This correlation is shown by the olivine phenocrysts in the Emeishan high-Ti picritic basalts and picrites (Fig. 5b) , but not by the olivine crystals in the Zhujiabaobao picritic dyke. The Mn contents of the most Mg-rich olivine crystals ($90 mol % Fo) in the sample from the margin of the Zhujiabaobao picritic dyke (PZH1301) are similar to those of the less Mg-rich olivine crystals (<84 mol % Fo) in the samples from the interior of the dyke (samples PZH1302, 03, 04). At a given Fo content, olivine crystals in the dyke have variably higher Mn contents than the olivine phenocrysts in the Emeishan high-Ti picritic basalts and picrites. An extreme deviation is shown by the sample from the margin of the dyke (sample PZH1301). In contrast, the olivine Mn-Fo relationship of an olivine gabbro sample from the marginal zone of the Panzhihua layered intrusion in contact with brucite marbles (sample JS30; see Fig. 2 for location) is more comparable with that found within the Emeishan high-Ti picritic basalts and picrites.
Ni is compatible in the olivine structure and thus the Ni content of olivine decreases during fractional crystallization. A good example is from the Emeishan high-Ti picritic basalts, which show a positive Ni-Fo correlation of olivine (Fig. 5c ). An olivine gabbro sample from the Panzhihua layered intrusion plots within the Fo-Ni fractionation trend of the Emeishan high-Ti picritic basalts and picrites. In contrast, only two of the samples with intermediate Fo contents (81-84 mol %) in olivine from the interior of the dyke plot within this fractionation trend. Another sample with the lowest Fo contents ($79 mol %) from the interior of the dyke is displaced to the left. The sample from the margin of the dyke is displaced to the right. Significant variation of olivine composition is also present in a sample from the margin of the dyke (PZH1301). Olivine phenocrysts in this sample commonly exhibit reversed compositional zoning (i.e. higher Fo contents in the rims than in the cores); small olivine crystals in the groundmass tend to have higher Fo contents than coexisting phenocrysts. We did not find such zoning in the interior of the dyke in our samples.
Clinopyroxene in the sample from the margin of the dyke (sample PZH1301) also has a highly unusual composition ( Fig. 5d-f ). The wollastonite (Wo, CaSiO 3 ) endmember, and the atomic ratios of 10Al/Si, Mg/ (Mg þ Fe 2þ ) and Fe 3þ /Fe Total are higher than those of typical diopside crystals in the interior of the dyke (sample PZH1302, 03, 04) and the associated Panzhihua layered intrusion (sample JS30). According to the nomenclature for pyroxenes approved by the International Mineralogical Association (Morimoto, 1988) , the clinopyroxene crystals in the margin of the Zhujiabaobao picritic dyke all belong to the ferrian aluminian diopside variety. The ferrian aluminian diopside crystals in the margin of the dyke also have higher Mgnumber [Mg/(Mg þ Fe 2þ ), molar] than the diopside crystals in the interior of the dyke. The Mg-numbers of the former and the latter vary from 0Á98 to 1Á0 and from 0Á90 to 0Á94, respectively. The Mg-numbers of diopside crystals in an olivine gabbro sample from the Panzhihua layered intrusion are slightly lower, varying from 0Á88 to 0Á91.
Hornblende also shows a decrease in Mg-number from the margin to the interior of the Zhujiabaobao picritic dyke. The Mg-numbers of hornblende in the marginal sample (sample PZH1301) and the interior samples (sample PZH1302, 03, 04) are from 0Á84 to 0Á87 and from 0Á74 to 0Á80, respectively. The Mg-number of hornblende crystals in an olivine gabbro sample from the marginal zone of the Panzhihua layered intrusion varies from 0Á84 to 0Á85, which is within the range for a sample from the margin of the associated picritic dyke.
Other common rock-forming minerals such as orthopyroxene, biotite and plagioclase are not found in the thin section of the sample from the margin of the Zhujiabaobao picritic dyke (sample PZH1301), so comparison for these minerals between this sample and other samples from the dyke is not possible. The Mgnumbers of orthopyroxene in the samples from the interior of the dyke are 0Á81 (sample PZH1304), 0Á83 (sample PZH1302) and 0Á84 (sample PZH1303), and positively correlate with the Fo contents of the coexisting olivine. These values overlap the average Mgnumber of 0Á82 for orthopyroxene in an olivine gabbro sample from the marginal zone of the Panzhihua layered intrusion (sample JS30).
The average Mg-numbers of biotite in the samples from the interior of the dyke are also positively correlated with the Fo contents of coexisting olivine, and are 0Á82 (sample PZH1304), 0Á83 (sample PZH1302) and 0Á85 (sample PZH1303). These values are all higher than the average Mg-number of 0Á8 for biotite in an olivine gabbro sample from the Panzhihua layered intrusion (sample JS30).
The interstitial plagioclase crystals in the samples from the interior of the Zhujiabaobao picritic dyke are more Na-rich than the cumulus plagioclase crystals in an olivine gabbro sample from the marginal zone of the associated Panzhihua layered intrusion (sample JS30). The average Ab contents of plagioclase in the dyke samples are 41 (sample PZH1304), 52 (sample PZH1303) and 64 (sample PZH1302), whereas the average Ab content of plagioclase in the olivine gabbro (sample JS30) in the marginal zone of the Panzhihua layered intrusion is $30.
Calcite inclusions hosted in olivine phenocrysts and calcite crystals associated with Cr-magnetite in the sample from the margin of the dyke (sample PZH1301) have similar compositions, containing 1Á4-1Á7 wt % MgCO 3 and 0Á2-0Á3 wt % FeCO 3 .
Whole-rock major element compositions
The concentrations of major elements, S and C in the samples from the Zhujiabaobao picritic dyke are listed in Table 2 . A comparison of the major oxide compositions of the dyke samples with the coeval volcanic rocks in the nearby Ertan area, which is $50 km north of Panzhihua City (data from Chung & Jahn, 1995; Xu et al., 2001; Hou et al., 2006; Shellnutt & Jahn, 2011; Li et al., 2012) , is provided in Fig. 6 . The observed range of olivine compositions and the average compositions of other silicate minerals in the dyke samples used in this study are included in the diagram to show the mineralogical control on the compositional variations of the intrusive rocks. Except for the olivine-free gabbro sample from the interior of the dyke (sample PZH1306), which plots close to the tie-lines between the average compositions of coeval basalts and picrites, all of the olivine-bearing samples from the dyke have higher MgO and lower SiO 2 and Al 2 O 3 contents than the coeval volcanic rocks and plot away from the tie-lines (Fig. 6a  and b) . The sample from the margin of the dyke (sample PZH1301) has a lower SiO 2 and MgO content than other olivine-bearing samples from the dyke, consistent with more abundant Cr-magnetite in this sample. As shown in Fig. 6c , this sample is also characterized by much higher CaO content than the other samples from the dyke, consistent with more abundant clinopyroxene in this sample. In addition, this sample is also characterized by much lower total alkalis content than the other samples from the dyke (Fig. 6d) . One of the olivinebearing samples from the interior of the dyke (sample PZH1302) has unusually high total alkalis content compared with the other olivine-bearing samples from the dyke, consistent with a higher content of hornblende in this sample (Fig. 6d) . The total alkalis contents of the other olivine-bearing samples from the dyke are similar to the average value of the Ertan picritic basalts and picrites.
Whole-rock trace element compositions
The concentrations of trace elements in the samples from the Zhujiabaobao picritic dyke are given in Table 2 . Whole-rock mantle-normalized incompatible trace element patterns are illustrated in Fig. 7 . The dyke samples and the coeval lavas in the nearby Ertan area (data from Chung & Jahn, 1995; Xu et al., 2001; Hou et al., 2006; Shellnutt & Jahn, 2011; Li et al., 2012) are similar in terms of trace element pattern, but not in their abundances. The trace element concentrations in an olivine-free gabbro sample from the dyke (PZH1306) are close to those in the lavas. The trace element concentrations in the olivinebearing samples from the dyke are lower than those in the lavas. The olivine-free gabbro sample from the dyke (PZH1306) shows a positive Sr anomaly, consistent with abundant cumulus plagioclase in the sample. An olivinebearing sample from the margin of the dyke (PZH1301) shows a significant negative Sr anomaly, consistent with the absence of plagioclase in the sample. The trace element compositions of a dolomitic limestone sample and a brucite marble sample from the nearby area analysed by Ganino et al. (2008) are shown for comparison. These samples represent the distal and immediate country rocks to the dyke, respectively. The trace element compositions of these different types of country rocks are similar (Fig.  7) . Except for Sr, the other trace elements, including Nd, in the country rocks are 2-3 orders of magnitude lower than those in the olivine-bearing samples from the Zhujiabaobao picritic dyke. The concentrations of Sr in the dyke samples are 50% to one order of magnitude higher than those in the country rocks.
Whole-rock Sr-Nd isotopes
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calculated initial Sr isotope ratios and e Nd values based on the zircon U-Pb age of 260 Ma for a coeval picritic dyke at Lanjiahuoshan (Hou et al., 2013) are illustrated in Fig. 8 . These two picritic dykes are similar in their e Nd values but have different initial Sr isotope ratios. The initial Sr isotope ratios of the Zhujiabaobao picritic dyke are systematically higher than those of the Lanjiahuoshan picritic dyke, but still within the range of the coeval basalts that are distributed from Panzhihua, the Sichuan province to Dali, and the Yunnan province (see Fig. 1 for location; data from Xu et al., 2001; Xiao et al., 2004; Zhang et al., 2008) . Of all the samples from the Zhujiabaobao picritic dyke, the sample from the margin of the dyke (sample PZH1301) has the highest initial Sr isotope ratio. As described above (Fig. 4b) , large olivine crystals in this sample contain calcite inclusions, whereas those of the other samples do not. Except for the values from this sample, the initial Sr isotope ratios and e Nd values for the Zhujiabaobao picritic dyke are within the ranges of the Panzhihua layered intrusion (data from Zhou et al., 2008; Zhang et al., 2009; Howarth & Prevec, 2013a; Song et al., 2013; Yu et al., 2015) and the coeval picrites that are exposed in the Panzhihua-Dali region (data from Chung & Jahn, 1995; Xu et al., 2001; Hou et al., 2006; Zhang et al., 2006 Zhang et al., , 2008 Li et al., 2012; Bai et al., 2013) .
MODELING AND DISCUSSION
Mass balance
As shown in the diagram of FeO versus MgO (Fig. 6e) , the samples from the Zhujiabaobao picritic dyke have Liq ] of 0Á34 (Matzen et al., 2011) . Variation of Fe 2 O 3 / FeO with oxidation state for a liquid with a composition the same as the average composition of the Ertan basalts (f) was calculated under assumed conditions of 2 kbar and 1300 C using the model of Kress & Carmichael (1991) . The average compositions of the coeval basalts and picrites in the nearby Ertan area were calculated from data from Chung & Jahn (1995) , Xu et al. (2001) , Hou et al. (2006) , Shellnutt & Jahn (2011) and Li et al. (2012). higher MgO/FeO ratios than the liquids that are in equilibrium with olivine containing Fo from 83 to 90 mol %. In this diagram the FeO/MgO ratios of the liquids were calculated using the experimental
Liq ] of 0Á34 6 0Á012 for tholeiitic magma with variable composition and temperature from Matzen et al. (2011) . As pointed out by Toplis (2005) , the K D value is a function of melt composition and temperature. We cannot use the model of Toplis (2005) because we do not know the compositions and temperatures of the liquids. The observed displacement of the dyke samples toward higher MgO contents (Fig. 6e) indicates that the amounts of Mg-rich minerals in the dyke samples exceed those that can be produced by the liquids in closed systems. A comparison between liquid and mineral composition reveals that of all the Mg-Fe silicate minerals in the rocks, olivine and clinopyroxene are the most important contributors to such displacement (Fig. 6e) .
Our data show that in addition to the presence of excess olivine and clinopyroxene as described above, the sample from the margin of the dyke (PZH1301) also contains excess Cr-magnetite, the most important phase controlling Fe 2 O 3 in the rock. This is illustrated in the diagram of Fe 2 O 3 versus FeO (Fig. 6f) . In this diagram the variation of Fe 2 O 3 /FeO with oxidation state for a liquid with bulk composition the same as the average composition of the Ertan basalts has been calculated using the relationship of Fe 3þ /Fe 2þ -fO 2 -T-composition from Kress & Carmichael (1991) . In our calculation total pressure and temperature were assumed to be 2 kbar and 1300 C, respectively. The former corresponds to the lithostatic pressure at a depth of 6 km; the latter is similar to the liquid temperature for such magma estimated using the 4  3Á77  15Á10  0Á150941  0Á512664  3  0Á70541  2Á03  PZH1303  12Á40  114  0Á314653 0Á706043  6  2Á14  8Á22  0Á157392  0Á512669  3  0Á70488  1Á91  PZH1304  9Á16  239  0Á110860 0Á705162  4Á11  19Á20  0Á129412  0Á512596  0Á70475  1Á41  PZH1305  7Á59  226  0Á097141 0Á704921  4  3Á77  17Á70  0Á128767  0Á512616  2  0Á70456  1Á83  PZH1306  7Á53  611  0Á035647 0Á704843  6Á30  29Á20  0Á130435  0Á512606  0Á70471  1Á58  BCR-2 standard, measured  0Á705178  0Á512622  BCR-2 standard recommended  0Á705000  0Á512636 e Nd was calculated for the crystallization age of 260 Ma.
MELTS program of Ghiorso & Sack (1995) . As shown in Fig. 6f , the Fe 2 O 3 content in the sample from the margin of the dyke is more than three times that of the liquid at an oxidation state of QFM þ 1Á5 (where QFM is quartzfayalite-magnetite buffer). The Fe 2 O 3 /FeO ratios in the other samples from the dyke are consistent with those of liquids at various oxidation states from QFM to QFM þ 1Á5, which in turn are consistent with the mineral assemblages in the samples. As described above, only magmatic sulphides but no sulphates are present in these rocks. This indicates that the oxidation state of QFM þ 1Á5 is the upper limit for the dyke because sulphates start to appear on the liquidus under more oxidized conditions (Jugo et al., 2005) .
Evidence for carbonate assimilation
The mineralogical data from this study provide several lines of evidence for assimilation of brucite marble during the formation of the Zhujiabaobao picritic dyke. These include undissolved calcite crystals trapped in large olivine crystals in a marginal sample from the dyke (Fig. 4b) , reversed zoning of olivine Fo contents in the margin of the dyke (Fig. 5b) , lower Ni coupled with higher Mn contents in the most Mg-rich olivine in the margin of the dyke relative to the more Fe-rich olivine crystals in the interior of the dyke (Fig. 5c) , and the association of abundant ferrian aluminian diopside with Mgrich olivine (Fo90) in the margin of the dyke ( Fig. 5c  and d ). Previous researchers (Hou et al., 2013) ruled out significant carbonate contamination for the picritic dykes in the Panzhihua area based on the similar Sr-Nd isotope compositions of the intrusive rocks and the coeval picrites in the nearby Ertan area. However, as shown in Fig. 7 , the concentrations of Nd and Sr in the marble country rocks, the potential contaminants for the parent magma of the dyke, are significantly lower than the average contents in the coeval picrites in the area (Fig. 7; Chung & Jahn, 1995; Hou et al., 2006; Li et al., 2012) . Some of these volcanic rocks have mantle-like Sr-Nd isotope compositions, which can be used to represent the Sr-Nd isotope compositions of the initial magma. Owing to the low Nd concentration in the potential contaminants relative to the magma and similar Nd isotope compositions between them, whole-rock Nd isotopes are not sensitive to carbonate assimilation. As shown in Fig. 8 , less than 50 wt % carbonate assimilation perturbs the Nd isotope ratios of the magma only slightly (e Nd decreases by < 0Á1). In contrast, Sr isotopes are more sensitive to such contamination, because the isotope compositions of the two endmembers are significantly different. Thus, the combination of Sr and Nd isotope data is more useful. This is illustrated in Fig. 8 . In our calculations we used the average elemental and M a n t l e a r r a y ( D M M -E M Sr. The mantle array (DMM, depleted mantle-derived melt; EM1, enriched mantle-derived melt) is from Zindler & Hart (1986) . The data for the Panzhihua layered intrusion are from Zhou et al. (2008) , Zhang et al. (2009 ), Howarth & Prevec (2013a , Song et al. (2013) and Yu et al. (2015) . The data for the Emeishan picrites are from Chung & Jahn (1995) , Xu et al. (2001) , Hou et al. (2006) , Zhang et al. (2006 Zhang et al. ( , 2008 , Li et al. (2012) and Bai et al. (2013) . The data for the Emeishan high-Ti basalts are from Xu et al. (2001) , Xiao et al. (2004) and Zhang et al. (2008) . Parameters used in mixing calculations: the concentrations of Sr and Nd in the marble are from Ganino et al. (2008) ; the Sr and Nd isotope compositions of the marble are from Ganino et al. (2013) and Yu et al. (2015) ; the concentrations of Sr and Nd in the mantle-derived magma are the lowest values in the coeval picritic basalts in the Ertan area (Chung & Jahn, 1995; Hou et al., 2006; Li et al., 2012). isotopic compositions of the brucite marbles in the region given by Ganino et al. (2008 Ganino et al. ( , 2013 and Yu et al. (2015) , the lower limits of Sr and Nd concentrations in the Ertan picrites based on the results from Chung & Jahn (1995) , Hou et al. (2006) and Li et al. (2012) , and the Sr-Nd isotope compositions of the leastcontaminated high-Ti basalts in the Emeishan flood basalt province (data from Xu et al., 2001; Xiao et al., 2004; Zhang et al., 2008) . Our modelling results show that the Sr-Nd isotope compositions of the Zhujiabaobao dyke samples, except the marginal sample PZH1301, are consistent with 10-22 wt % contamination of the parental magma by the marble country rocks. The marginal sample with the exceptionally high initial Sr isotope ratio (sample PZH1301) gives an unusually large amount of marble contamination, close to 37 wt %, which is probably due to the presence of undissolved calcite from the country rocks. It is important to note that the estimated amounts of marble assimilation for the Zhujiabaobao picritic dyke (Fig. 8) represent only the minimum values, because the concentrations of Nd and Sr in the initial magma before contamination were probably higher than the lower limits of the picrites that commonly contain excess olivine phenocrysts (Li et al., 2012) and because Nd and Sr are incompatible in the olivine structure.
Parental magma composition
Some researchers (e.g. Hou et al., 2013) have suggested that the parental magma for the picritic dykes in the Panzhihua area was similar to that of the Emeishan picrites, based on similar ranges of olivine Fo contents between the dykes and the picrites. However, this interpretation is inconsistent with the fact that olivine crystals from these two different occurrences (dykes and lavas) show contrasting Mn-Ni contents, different Fo-Ni correlations and opposite zonation in Fo contents. As described above, the most primitive olivine crystals in the margin of the Zhujiabaobao picritic dyke, such as sample PZH1301, clearly show reversed zoning of Fo content (i.e. outward increase of Fo content in a single grain) whereas the olivine phenocrysts in the picrites show normal zoning. The former is consistent with fractional crystallization, whereas the latter is consistent with progressive assimilation of brucite marble during olivine crystallization. Our data also show that the most Mg-rich olivine crystals in the margin of the dyke have significantly higher Mn coupled with significantly lower Ni contents than the olivine crystals with similar Fo contents in the picrites, which indicates that the Mn and Ni contents in the parental magma for this dyke are significantly higher and lower respectively than those of the picrites. Moreover, olivine crystals from the different parts of the picritic dyke have similar Mn contents (Fig. 5b) and an inverse Fo-Ni relationship (Fig. 5c) , which are inconsistent with fractional crystallization but entirely consistent with progressive assimilation of brucite marble by the magma during olivine crystallization.
Clearly, the compositional variations of olivine crystals in the Zhujiabaobao picritic dyke are manifestations of progressive contamination with brucite marble during olivine crystallization. Based on these observations, we propose that the initial magma injected into the dyke was in equilibrium with olivine having a Fo content between 78 and 82 mol %, as seen in the interior of the dyke. Because the average composition of the coeval high-Ti basalts in the area (Xu et al., 2001 ) is capable of crystallizing olivine within such a range of compositions, this can be used to represent the initial composition of the dyke in our forward modelling below. It should be pointed out that the 'high-Ti basalts' from previous studies include samples containing minor amounts of olivine phenocrysts.
The consequence of carbonate assimilation
The observed Sr-Nd isotope variations across the dyke and the occurrence of undissolved calcite as small inclusions in large olivine crystals in the marginal sample with the highest calculated initial Sr isotope ratio are consistent with progressive assimilation of brucite [Mg(OH) 2 ] marble during olivine crystallization. Bulk assimilation of brucite marble will introduce MgO, CaO, H 2 O and CO 2 to the contaminated magma. The amounts of H 2 O and CO 2 that will be dissolved in the contaminated magma depend on their solubility, which in turn depends on temperature and more importantly total pressure. At 1300 C and 2 kbar (equivalent to the lithostatic pressure at a depth of 6 km), the amounts of CO 2 and H 2 O that can be dissolved in basaltic magma are $700 ppm (Pan et al., 1991) and $4 wt % (Moore et al., 1998) , respectively. Any excess amounts of CO 2 and H 2 O released from the contaminants will escape from the contaminated magma by spontaneous degassing. We have evaluated the consequence of this process under two scenarios, with and without a change in redox condition. In our calculations we used the average composition of the Ertan high-Ti basalts (data from Xu et al., 2001) as the starting composition, and the average composition of two brucite marble samples from the Panzhihua area (Ganino et al., 2008) as the contaminant. The relationship between FeO/Fe 2 O 3 and redox condition for the contamination magma is based on the model of Kress & Carmichael (1991) , which is embedded in the MELTS program of Ghiorso & Sack (1995) that we used in our calculations. The composition of olivine in equilibrium with a contaminated magma was calculated using a K D of 0Á340 6 0Á012 for a tholeiitic liquid (Matzen et al., 2011) . The modelling results are illustrated in Fig. 9 . Without considering a change in redox condition (Fig.  9a) , $40 wt % bulk assimilation is required to produce a contaminated magma that is in equilibrium with olivine of Fo90. Ganino et al. (2008) estimated changes in fO 2 as a function of external CO 2 addition to a hydrous mafic magma at 1300 C and 2 kbar based on melt-gas (C-H-O-S) equilibria. If the associated change in the liquid Fe 2 O 3 /FeO is also considered, the amount of bulk assimilation required to produce a contaminated magma in equilibrium with olivine of Fo90 is reduced to $32 wt % (Fig. 9b) . At this stage the redox condition of the contaminated magma is QFM þ 1Á4, which is close to the upper limit of sulphide stability in basaltic magma (Jugo et al., 2005) .
The modelling results described above are for bulk assimilation. Selective assimilation with a higher brucite/calcite ratio than that of the protolith will reduce the amounts of assimilation required to produce a contaminated magma that is capable of crystallizing olivine of Fo90. Evidence for such selective assimilation during the evolution of the dyke includes the occurrence of undissolved calcite and the lack of undissolved brucite in the dyke samples. The occurrence of Cr-magnetite as inclusions in the olivine phenocrysts of the dyke samples (Fig. 4) is consistent with increasing oxidation as well as increasing H 2 O content as a result of brucite marble assimilation, because higher Fe 2 O 3 (Toplis & Carroll, 1995) and H 2 O contents (Howarth & Prevec, 2013b ) both promote early magnetite crystallization.
An unusual feature of the Panzhihua Fe-Ti oxide deposit, and several coeval magmatic Fe-Ti oxide deposits in the region, is that olivine crystals in these deposits have significantly higher Fo contents than those in other magmatic Fe-Ti oxide deposits elsewhere in the world. This has been widely attributed to more primitive magma compositions for the former relative to the latter (see summary by Pang et al., 2009) . As indicated by our new results for the Zhujiabaobao picritic dyke, carbonate assimilation is an effective process to produce the association of Fe-Ti spinel with olivine that is more Mg-rich than would otherwise be expected. Because carbonate country rocks are common for Panzhihua-type Fe-Ti oxide deposits, it is possible that the unusual features of these deposits are related to carbonate assimilation by a basaltic magma rather than being a function of a more Mg-rich initial magma.
CONCLUSIONS
The Zhujiabaobao picritic dyke is the product of localized, progressive assimilation of brucite marble by basaltic magma with a composition similar to the average of the coeval high-Ti basalts in the area, not the product of picritic magma as thought previously. The new data from the Zhujiabaobao picritic dyke indicate that carbonate assimilation by basaltic magma is an efficient process to produce an unusual association of magnetite with Mg-rich olivine having Fo contents as high as that of olivine crystallizing from primary mantle-derived magmas (Fo > 90 mol %). The results from this study support the notion that the higher Fo contents of olivine in the associated magmatic Fe-Ti oxide deposits in the Panzhihua region relative to other magmatic Fe-Ti oxide deposits elsewhere in the world are due to carbonate assimilation by basaltic magma.
SUPPLEMENTARY DATA
Supplementary data for this paper are available at Journal of Petrology online. C. The average composition of high-Ti basalts in the Ertan area (Xu et al., 2001 ) is used as the starting composition. The average composition of two brucite marble samples from the Panzhihua area (Ganino et al., 2008) is used as the contaminant. The relationship between olivine Fo content and liquid MgO/FeO is based on a K D of 0Á34 (Matzen et al., 2011) . The Fe 2 O 3 /FeO in the contaminated magma is based on the model of Kress & Carmichael (1991) . The relationship between the redox condition of the contaminated magma and the degree of bulk assimilation in model (b) is based on the results of Ganino et al. (2008) .
